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SOME EFFECTS OF INJECTION ADVANCE ANGLE, ENGINE-JACKET TEMPERATURE,
AND SPEED ON COMBUSTION IN A COMPRESSION-IGNITION ENGINE

By A. M. RommocE and C. D. WAL~EON

SUMMARY

An optiad indtitior and a high-speed motion-picture
camera capabb of operaiing ai the ra#e of 2?,000franw
per secondwere wed to recordtimultaneouzdythepressure
develqmeni and the jlame formation in the combum%n
chamber of the A? A. C. A. combustion apparaiw.
Te&swere mm%at en@ne speeds of 670 and 1,600 r. p. m.
The engine-jacket temperature was vuriedfrom 100° to
2700°F. and the injwtion advance angle jrom 13° ajter
top center to 120° bejore top ceder.

T& r& 8how thd the course of the co?rdrwtioni8
largely controUedby the temperature and presvwreof thz
air in the dumber from the time th fuel h injected until
the time ai which combustion starts and by the igndion
lug. 17u motion @cture8 oj the com.lwtion show thd in
a qwie+wenicombudion chamberwith a ehort ignition lug
the @me jirst appears in tb spray envelope and from
therespreads throughauithe chamberand -thu#with a long
ignition lag thejbu may$rst appear in any part of the
chamber. I!i.e cunci?tin i8 presented thutin a compres-
ti-igndion engine with a quiesced combustionchumber
the ignition lag shmdd be th longest that can be wed
withoti ezcewive rattx of pressure tie: anyfurther 8hort-
ening of theignitionlagdecreaw the e~ectiaecombwtion
oj the engine.

INTRODUCTION

When the N. A. C. A. combustion apparatus wns
first completed it was used to investigate the vaporiza-
tion of the fuel spray under conditions of air pressure
similar to those in a l@gh-speed compression-ignition
engine (references 1 and 2). The air temperatures
throughout the cycle being considerably lower than
those in an actual engine, the process could be studied
without the influcmce of combustion. As a result of
these tests it wns found that the vaporization was
much more rapid than had originally been believed.
Although the tests did not in themselves show whether
or not the combustion took place from the liquid or
from the vapor phase, they did show that the vaporiza-
tion was sutiiciently fast that combustion could take
place from the vapor phase; the conclusion was drawn
that this was probnbly

71040-3%23
the case.

~ the second series of tests (reference 3), in which
fuel injection was used in conjunction with spark igni-
tion, certain composite effects of air temperature, air
pressure, and time on the combustion process were
investigated. The tests showed that at low tempera-
tures the rate of fuel combustion varied according to the
volatility of the fuel but that at higher temperatures
(and these higher temperatures were below those
experienced in the conventional compression-ignition
engine) both the rate and the extent of the combustion
were apparently independent of the volatility of the
fuel but were dependent on its chemical properties.

With these tests as a background, the investigations
were extended to include compression ignitions under
such conditions that the air temperature as well m the
air pressure more nearly duplicated that experienced
in the actual engine. In order to make such an inves-
tigation it was necessa~ to alter the N. A. C. A. com-
bustion apparatus so that the air temperatures would
be rnised considerably and to use a high-speed motion-
picture camera permitting the flame formation to be
studied by means of individual photogmphs instead of
in the one continuous photograph for the whole cycle,
as in the previous te+s. It is the purpose of this
report to discuss tests with the altered apparatus that
have been conducted on the effects of injection advance
angle, engine-jacket temperature, and engine speed on
the combustion process in a high-speed compression-
ignition engine employing a quiescent combustion
chamber. Preliminary reports on these tests have
been presented in references 4 and 5.

The data were obtained at the Committee’s labora-
tories at Langley Field, Vs., during the latter part of
1933 and the early part of 1934.

APPARATUS AND METHODS

For the present tests a new injection system was
added to the N. A. C. A. combustion apparatus and
the original injection system was used to operate an
automatic scavenging, or compression-relea9e, valve
(fig. 1). With the present arrangement the compres-
sion-release valve is controlled by valves C and D and
the high-pressure reservoir. With this arrangement
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full compression existi only for the single cycle in
which the injection of the fuel occurs, the engine being
scavenged on all preceding and succeeding cycles
(fig. 2).

The apparatus is brought to speed by the alectic
driving motor. During this time, on each stroke of
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ber during this scavenging process. The data were
obtained with the N. A. C. A. gas-sampling WLIVO
(reference 6) used as a low-pressure indicator. At
570 r. p. m. the engine was approximately 87 percent
scavenged on each stroke and at higher speeds up to
1,400 r. p. m. approximately 72 percent scavenged.
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the piston the air is forced out through the compr-
sion-release valve in the cylinder head. On the down
strokes the compression-release valve closes, because
of the revers.il of air flow, and a partial vacuum is”
created. When the piston uncovem the ports at the
bottom of the stroke, fresh air is inducted into the

Fmum 2-GmtaCt@t of miglnd Wlhdtnr-cardn6@im M* start lW
IR.fcmtop Cmh?r.

dkplacement volume. The volumetric efficiency of
the engine depends on the ability of the air b enter
the ports during approximately 90 crankshaft degrew.
Figure 3 shows the pressures in the combustion cham-
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An analysis of the gases in tho cylinder during tho
scavenging procew showed no indication of carbon
dioxide.

When the test speed is reachcdj the clutch is engaged
for a s@le revolution of the camshaft, that is, for two
revolutions of the crankshaft. When valve B closes,

the pl~mer in the injection pump compresses the fuel
in the small pump reservoir. This compression of the
fuel holds the valve stem A against its seot so that
none of the fuel can enter the injection tube from the
small reservoir. Shortly before the pump plunger
reaches the top of its stroke it engages the valve stem
A, causing the stem to lift from its seat. A hydraulic
pressure wavo of high intensity is transmitted through
the injection tube to the injection valve. Injection
continues until the force exerted by the wave drops to
a value less than the closing pressure of the injection
valve. The fuel quantitg- discharged is controlled by
the injection-valve opening pressure. The tempera-
ture of the fuel in the injection valve is maintained at
a constant value by continuously circulating fuel from
the fuel tank, through the injection tube, through four
O.010-inch holes to the center of the hollow injection
valve stem, and back to the fuel tank.

The bore of the engine is 5 inches and the stroke, 7
inches. The height of the inlet ports is 0.5 inch. The
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compression ratio, based on the 6.5-inch stroke, was
13.9 with the indicator and glass window installed and
13.2 with the windows in each side.

The six-orifice fuel-injection nozzle used is shown in
figure 4. The spray photogmpbs record no fuel being
discharged from the two outside orifices, because the
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combined area of the oritices (equivalent to that of a
single 0.060-inch oriiice) was large in comparison with
the passages through the injection valve (0.100 inch
in diameter).

Because the fuel used in the first part of the tests
was unavoidably destroyed it w-as necessary to com-

FIGURE4.-Crom seddonof the aix-orffhwnozrle.

plete the tests with a second died fuel. Their dis-
tillation curves are shown in iigure 5. Fuel 1 had a
viscosity of 0.10 poise and fuel 2 a viscosity of 0.05
poise at 70° 1?. In all tests the fuel quantity ww
0.00026 pound per injection, giving an estimated air
factor of approximately 1.4. No diilemncea were
noted in the combustion characteristiea of the two fuels.

No apparatus is available at the laboratory for meas-
uring the temperature of the compressed air during the
operating cycle. The combustion characteristics of
the tests reported herein have shown that a jacket
temperature of 70° 1?. redts in an air temperature in
excess of that obtained with a jacket temperature of
350° 1?. before the present alterations were made to
the apparatus. The present tests have also shown
that with a cylinder and head jacket temperature of
100° F. the indicator cards are very similar to those in
a normal high-speed compression-ignition engine, the
operating range of injection advance angles being the
same as that experienced in the various test erwines in
the
are

laboratory. AU temperatures given in tl&” report
those of the glycerin as it left the jackets.
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In most of the tasts herein reported a glass window
was installed in one side of the combustion chamber
and the optical indicator described in reference 3 in
the other side. (See fig. 1.) A synchronous motor
drove the indicator iihn drum at a constant peripheral
speed of 100 inches per second. Because of the large
stifl diaphragm in the indicator, the optical record
closely followed the course of the pressure rise within
the combustion chamber except in the case of detona-
tion, which set the unit vibrating.

The camera used in these tests (reference 7) per-
mitted high-speed motion pictures b be taken of the
flame spread in the portion of the combustion chamber
directly behind the 2J&inch glass window. This
camera takes motion pictures at rates up to 2,250
frames per second by the use of a prism rotating at L
high speed. The exposure time is one-third the time
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interval between exposures. Although this timci is
considerably longer than that employed in the N. A.
C. A. high-speed spark photo=wphic system (reference
8), it is sufficiently short to study the flame formation
in the combustion chamber. Ii order to synchronize
the motion pictures of the flame spread with the indi-
cator card, two sparks 90 crankshaft degrees apart
were simultaneously recorded on the two records.

In another series of tests the indicator was removed
and glass windows were installed in both sides of the
combustion chamber. A 1,000-watt light was then
directed through a ground glass onto the window that
replaced the indicator. When the motion picture9
were obtained with this setiup, a silhouette of the
spray was recorded before the start of combustion.
The intensity of the subsequent combustion was suf-
ficiently greater than the intetity of the light fkom the
bulb that the combustion was recorded on the film.

RESULTS AND DISCUSSION

INDICATOR CARDS

The most noticeable effect to be expected from a
variation of injection advance angle and of engim+

Sforf of IIuecficuLcronkshrnEfdqrees

fiG~E ti-Effect of fnjectfonadvance angle on Wtfon lag at dffferentJarket
tenrfxratnrez Enginem 570r. p. m

jacket temperature is on the ignition lag. In these
tests the ignition lag is deiined as the time interval
between the start of injection as determined from
injecting against a paper mounted on the engine fly-
wheel and the start of pressure rise caused by combus-
tion as shown on the indicator card. At 57o r. p. m.
the results (fig. 6) show that the ignition lag decreases
markedly as the injection advance angle is decreased,
reaches a minimum, and then starts to increase. h
each case the injection was retarded untd ignition did
not occur. The effect of increased jacket temperature
was to decrease the ignition lag, considerably with long
ignition lags, and h a lesser degree with short ignition
lags.

The curves are of more interest if, instead of plot-
ting the ignition lag as the ordinate, the start of

combustion is plotted (@. 7). The curves now show
that as the start of injection is advanced the start
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of combustion tends to reach a limiting value and
that this value increases as the engim+jacket tom-
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perature is increaaed. This fact leads to the theory
that in the compression-ignition engine there is a
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minimum air temperature for each initial air prcswre
at which auto-ignition wiil occur and that, within the
limits imposed by the apparatus, this temperature
at a given engine speed is independent of the condi-
tions to which the fuel has previously been subjected.
The curves indicate that with the increased rate of
pressure rise at the higher speed the limiting value
of temperature is higher than was the case at the
lower speed.
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That the rate and the extent of effective combus-
tion are dependent on the air temperature and the
pressure to which the fuel has been subjected before
the start of combustion and on the time lag is indi-
crded in figures 8 and 9. At an engine speed of 57o
r. p. m. and an engim+jacket temperature of 150°
l?. (fig. 8), the rate of pressure rise increased aa the
start of injection advancid until, with an injection
start of 40° before top center, the combustion took

place with a decided knock. When the injection
start was still further advanced to SOO before top
center, the course of the combustion, but not the
time of start, was changed decidedly. The burning
W-as very weak and appeared to take place in two
stages, an initial slow rate followed by an increase
in the rate. This phenomenon waa also found in the
tests reported in reference 3. With the latest injec-
tion start the combustion took place slowly but,
according to computations, to about the same extent
aa with the conventional advance angles. At an
engine speed of 1,600 r. p. m. (fig. 9) and 150° l?.
jacket temperature the decrease in the rate of pressure
rise with the earlier injection starts was not so marked.

When the- engine-jacket temperature was increased
to 300° l?. at 570 r. p.m. (&. 8), the fit characteristic
noticed was that the rate of pressure rise was decreased
by the increase in the jacket temperature. This
result was to be expected because of the decreased
ignition lag. Other factors, however, are apparently
effective because the rate of combustion, as indicated
by the rate of pressure rise, was considerably less for
the ignition lag of 55° with an injection advance
angl~ of 80° before top center than for the lag of
24° with an injection ad%mce angle of 40° before
top center for the engine-jacket temperature of 150°
1’. The curves show that at the higher temperature
the maximum rate of combustion occurs at an injec-
tion advance angle of about 60° instead of one of
about 40°. At 300° F. the pressure curve at an
injection start of 80° before top center very closely
approaches that for a start of 40° before top center.
hrticuhwly noticeable at the higher jacket tempera-
tures was the decrease in the rapidity of the burning
as indicated by the sound of the e.splosion. At an
engine speed of 1,500 r. p. m. and a jacket tempera-
ture of 300° F. (fig. 9) the rate of burn@ was less
rapid than at the lower temperature and, up to an
injection start of 80° before top center, no decream
in the maximum pressures or rates of combustion
was evident. The curves indicate that the rate of
burning based on degrees as well as on seconds was
more rapid than at the lower engine speed.

An indication of the effectiveness of the combustion
is shown in figure 10. It must be remembered that
the explosion-pressure ratio F’,/~q k not an exact
measure of the combustion efficiency because a cer-
tain amount of afterburning is not included when it
takes place after the maximum presure is reached
and also because the pressure ratio depends to a
certain extent on the initial temperature at the start
of combustion. (See ~. 11.) In the present tests
the PJP2 ratio for complete combustion with no ex-
cess air is estimated from figure 11 to be between 4
and 6. When the injection was retarded at a jacket
temperature of lfioO F. and an engine speed of 570
r. p. m., the pressure ratio steadily increased to a
maximum, decreased, and then sharply increased.
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As the jacket ~emperature was increased, the first
maximum occurred earlier in the cycle and decreased
in magnitude until &ally, at the highest temperature,
the maximum disappeared altogether and the curve
was approximately a s~mht line until the increase
for injection start at top center occurred. The. re-
sults indicate, as has already been shown to a con-
siderably greater extent in reference 3, that as the
ignition lag was increased the completeness of the
effective portion of the combustion, except at high
temperatures, first increased and then decreased. In
those cases where detonation occurred it was with
the injection advance angle that gave the first maxi-
mum value of the ratio. The cause of the sudden
increase in the pressure ratio for the injection at or
close to top center, but on the expansion stroke,
cannot be &plained.”
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At an engine speed of 1,500 r. p. m. the PJP2curves
show the same effect to a lesser degree. At the higher
speed the pressure ratio at 300° F. reaches the same
maximum for the injection starts before top center as
does the pressure ratio at 150° F. Comparison with
the value for 570 r. p. m. shows that the ratio at 300° F.
is slightly higher at 1,500 r. p. m. and th~t the maxi-
mum ratio for 150° F. is lower. The combustion at
the higher speed was never accompanied by the
severe kmocking that occurred under the same con-
ditions at 570 r. p. m. Again the sharp increase for
combustion starting after top center is noticed. The
curves again indicate a s~~htJy greater eilective com-

bustion at the lower temperature for the operating
range of injection advance angles, 20° to 40° before
top center.

Fmom. lL-Efled of Inftfaltemweratoreon @mwbxl ratio of explodonpmssura
Pltoirlltialpmmlm Pa with no exmss air (vwlablespedlloheata).

Additional effects of the temperature on the course
of the combustion at the lower engine speed are
shown in figure 12. The rates of heat input to the
gases in the combustion chamber were derived by the
method discussed in reference 9. The curves show
that when the jacket tamperdmre was increased from
150° to 300° F. the ignition lag with an injection start
of 10° before top center was decreased by about 2°
and for an injection start of 20° before top center by
about 3°. The course of the combustion as indicrded
by the rate-of-heat-input curves and by the pressure
cnrvea shows, however, considerable difference for the
two temperatures at the later injection start, the same
diflerenccs appeming to a lesser degree at the ertrlier
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injection. The maximum rate of burning, and conse-
quently the mtium rate of pressure rise, was
decreased by increasing the jacket temperature.
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Increasing the jacket temperature in turn increased
the air temperature throughout the compression stroke.
Consequently, at the higher jacket temperatures the
fuel was sprayed into hotter air. It had been hoped
that this increased temperature would increase the rate
of vapor diflusion of the fuel and so result in better mix-
ing of the fuel and air. Although this result probably
did occur, it was more than offset at the lower speed by
the disadvantage of the decreased ignition lag and
decreased air charge. When combustion started, any
unmi..ed fuel had a more diflicuht time reaching. the
oxygen necessary for its combustion because the fuel
already burned had diluted the oxygen with inert
gases and had also decreased the oxygen content of the
Qir. The data indicate that in a compression-ignition
engine with n quiescent combustion chamber the
ignition lag should be shortened only to that value
which gives smooth runnin g of the engine, for any fur-
ther decrease of the ignition lag results in a poorer
mixture of the fuel and the air at the time combustion
is started nnd so results in a less effective combustion.
This conclusion is supported by the results presented in
reference 9 and has also been suggested by Boerlage and
Van Dyck (reference 10). This statement implies that
the ignition lag of many fuels now in use is sufficiently
short and that the problem of the high-speed com-
pression-ignition engine must be attacked to a greater
extent from considemtions of distribution at the time
combustion starts, although the chemistry of the fuel
must, of course, not be forgotten. At high engine
speeds (1,500 r. p. m.) the diilerences in the indicated
thermal efficiencies caused by increased jacket tem-
perature me not marked and it is possible that an in-
creased jacket temperature might be beneficial in such
cases.

MOTIONPICTUR~OF FLAME FORMATION

The discussion thus far haa been limited to the exami-
nation of the combustion phenomena as recorded by
the indicator cards. The conclusions reached are given
additional support from a study of the high-speed
motion pictures of the flame formation and flame
movement in that part of the combustion chamber
behind the glass window. A description of these data
will be given before their signi.iicance is discussed.
When writing this description the motion pictures
(reference 11) were projected and consequently the
motion of the flame described in the subsequent pages
is not always easily visualized horn the figures as
presented. For this reason the description is given in
more detail than would otherwise have been the case.
h addition to the reproductions of the whole of the
period of inflammation, enlargements to 0.6 full size
of the first four frames of the flame formation have
been reproduced for the first series to permit a closer
examination of this part of the combustion period.

In the entire series of photographs presented, the
time scale has been obtained from an average of ti the
time scales of the films shown on any particular photo-

1
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graph. The speed at which the motion pictures were
taken varied from 1,800 to 2,200 frames per second.
The top center position may be one frame in error
either to the right or left. The bottom of the com-
bustion chamber is to the right in all the figures.

Reference to the il.r-stframe of figures 13 and 14 at
an injection advance angle of 0° Shows several areas of
incandescence between the main sprays and between
the main and mxiliary sprays, the light from the
combustion illuminating part of the main sprays. In
the second frame the flmne has practically surrounded

period show more uniformity between successive cycles
in the compression-ignition engine. During the wh ole
of the period of 1uminescence there is ttn apparent
indiscriminate motion of the flame. Whether this
motion is flame travel or movement of the gases can-
not be said except in the case of the period of nfter-
btig when it is most probably gas movoment. The
afterburning is marked by welldefincd regions of
both luminous and nonluminous gases and there is n
geneml downward movement of the flame bccnuse of
the flow into t@ displacement volume.

FKIUEE14.-Effect of Ixrjwtfonadvmrcaangle on flame formation. Engfne@ 670r. p. m.; emina-jackettamparaturejlKP F.; fuelquantity, O.fKOZSlb.;
comprmsfonratio, 13.9. A, i. a. a. O“;B, L a. & W; C, f. a. a. m; S, fad spray ftlmnfnatd by tlame. (Seaalsofig. 13.)

the sprays but has not as yet iilled tho chamber. In
the third frame the flame fills most of the visible
section of the chamber. During the whole of the
flame spread there is no indication of orderly flame
propagation, t-Isis the case in the spark-ignition en-
gine. This fnct is to be expected when it is considered
that, whereas with spark ignition there is only one
source of flame start, with compression iatition there
are innumerable sources. It must be remembered,
however, that the indicator cards for the combustion

For an injection start of 10° before top center, the
first frame shows the flame starting nround the sprny
cores and again the core of one of the mnin sprnys is
illuminated. In the second frame the flame has
reached most of the visible portions of the chnmber and
the general outline of the sprays is still visible. In the
th.bd frame the flame has about reached its maximum
spread. The flame movement is apparently more
violent than with the later injection start. The mo-
tion pictures give an impression of churning through-



COMJ3USTIONIN A COMPRESSION-IGNITIONENGINE 351

out the chamber but of no ,orderly movement of the flame haa spread to most of the chamber except for an
gases as a whole. & before, with injection at top area between the lower portions of the two main sprays.
center there is a definite downward motion during the This area is iilled with flame in the next frame. After
expansion stroke. TIM period of afterburning now the fourth or fifth frame the flame seems to rotate

shows the flame in more of the chamber without the -counterclockwise at a high velocity. The rotation is

FIOWBEl&-Eflmt of lnlectlonadvanraamb on Oanreformatiom Edna SD&&S7Ur. D. m.: amzbwlaakattanmratnra. lW F.: fualonanUtY.C@M23lb.: commrwdon
ra-tie,13_0. A, L a. a. ~ B. L-a & &; C, L a. a-@@ D, I.-a.a ‘W. (Sea- rdwflg~13.) -

intensity of light; the areas of huiinescence shade more
gradually from light to dark.

When the injection start is 20” before top center,
the first frame shows several spots of incandescence
well distributed throughout the chamber but not de-
fining the spray pattern. In the second frame the

7104G3624

followed bytheflame’s againiillingthe chamber but with
low intensity and a general downward movement ac-
companied by swirls within the flame. The shading from
light to dark in the afterburning period is very gradual.

A comparison of the first frames of figures 13 and
15 where injection starts 30° before top center shows
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the flame appearing at the edges of the chamber. In
the second iiame the flame has filled most of the cham-
ber; the uniformity and the intensity of the flame in-
crease in the next two fkames. The flame is in general
motion throughout the burning. The afterbnrning
period is shorter than with the later injections and the
flame disappeaM last in the center of the chamber.

When injection starts 40° before top center, the
first frame shows the chamber brilliantly lighted
throughout the visible portion. (This test run was
characterized by severe knock.) Other tests under the
same condition have shown the flame to start near the
edge of the chamber. In the second frame the flame
has started to disappear at the edge of the chamber, the
dark spot growing larger in the successive frames,
but the flame again spreads outward rLfew frames
later. The afterburning period has disappeared and
the flame last appears at the top of the chamber.

For an injection start of 60° before top center, the
flame formation is very diflerent from all those pre-
viously presented. The flame first appeara to rotate
counterclockwise but this rotation is suddenly stopped
and the general flame pattern remains stationary ex-
cept for the downward movement during the after-
burnhg period. The flame is first recorded in the
upper right-hand corner of the chamber and consists of
numerous small” spheres” of light. The second frame
shows arms of varying intensity throughout at least
half the chamber. The blurring of the spots in this
frame indicates the motion previously mentioned.
The third frame shows the character of the flame to be
changing and marks the end of the rotation. The
upper leftihand section still shows the flame to be in
motion but in the rest of the chamber it is stationary.
In the successive ties the small areas of incandes-
cence are seen to appear and disappear, some of them
lasting for only one hrne but producing a marked
glow around the sections contain@ the greatest nnm-
ber of these small areas. The general appearance of
the flame remrtins unaltered but the spots of light
change position and the glow throughout the visible
portion of the chamber increases in intensity. The
period of afterburning is quite similar to that with the
injection starting at top center. In repetitions of this
test the general form of the flame vm.s reproduced, aJ-
though the parts of the chamber in which the flame
predominated varied from one run to the next.

The fit appwmance of flame consists of several
more or less isolated spots in the upper lefkhand sec-
tion for an injection start of 80° before top center.
In the second frame, flame appears in both the upper
left-hand and the lower right-hand sections. In every
case the impression is given that the areas of &me
consist of numerous individual spheres of incandescence
existing for varying lengths of time. The flame never
iills more than a small portion of the chamber and no
general area of incandescence occurs, as it did with the
injection start of 60° before top center.
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In general, the motion picture9 of the flame at an
engine speed of 570 r. p. m. and a jacket temperature
of 300° l?. (&m. 16) me similar to those taken at the
lower temperature. With the exception of an injec-
tion adwmce angle of 40°, however, the flame period
is shorter at the higher jacket temperature. The rate
of spread of flame is greater during the inithd burning
period in spite of the fact that the higher temperatures
made the burning smoother. The afterbtig peri-
ods are, in no cases, characterized by the small bright
areas of incandescence that appeared at the lower
temperature with both the bite and early injections.
The results indicate thnt the vaporization and diflusion
of the fuel were more rapid at the higher temperature.

The motion pictures of the flame taken at an engine
speed of 1,500 r. p. m. and an engine-jacket tempera-
ture of 150° l?. are shown in figure 17. The data show
tlmt at the higher engine speed the flame period in
crankshaft degrees was considerably increased although
the general formation of the flame remained unchanged.
Even with the very early injection starts the flame
filled all, or nearly all, of the visible portions of the
chamber. WW injection starts of 100° and 120°
before top center the photograph of the flame was
characterized by the same type of small brilliant areas
that were photographed at the lower speed. It is
int erdng to note that with the injection starting at
top center the start of flame was late enough on the
cxqmnsion cycle so that the downward movement of
the gaaes prevented the flame’s reaching the top of
the combustion chamber except at the core of the fuel
sprays close to the nozzle.

MOTION PIC1’UEIE3 OF FUEL SPRAYS AND OF FLAME

The results obtained when the glass windows were
placed in both sides of the combustion chamber with
a 1,000-watt lamp focused on the side opposite the
high-speed motion-picture camera are shown in figures
18 and 19. In figure 18, which represents the same
conditions as figure 14A except for the slightly lower
compression ratio, the two main sprays are seen to
extend across the visible portion of the chamber. No
fuel issued from the two outside oritices of the six-
oritice nozzle. The sprays from the two 0.024-inch
oritices did not reach the chamber walls. The sprays
me d clearly visible in the fourth frame in which the
start of the flame is shown in the envelope of one of
the main sprays. Other photographs taken under the
samo conditions have shown the flame to start in the
envelope of one of the outside sprays (reference 5).
In all the tests made under these conditions the flame
lms first appeared near the core, that is, in the envelope,
of one of the sprays. In the fifth frame the flame has
spread mound the upper main spray and has started
around the second main spray, but both sprays are
still visible. In the sixth frame the flame has spread
still farther, but one of the main sprays can still be

seen. In the seventh frame the sprays are no longer
visible, be~~ either completely obscured by the flame
or sufficiently vaporized so that they do not show.
The photographs clearly show how with a short igni-
tion lag the fuel still in the liquid phase is surrounded
by the burning mixture and that the unburned fuel
must get through this burning portion to m.k with
fresh air.

b figure 19, comparable with figure 15B, the spray
is seen to issue from the four center oficw; the two
outside sprays reach the edge of the combustion cham-
ber. The effects of the lower air density on the in-
creased penetration and decreased rate of spray dii7u-
sion are noticed. The fuel apparently continues to
issue from the two center or main oriiice9 after dis-
charge has stopped from the two 0.024-inch orifices.
Cut-off occurs at about 30° before top center and the
sprays then begin to lose their definite form. The
process of the spray @ffusion and vaporization is
visible in the eighth to twelfth frames. l?rom 20° to
14° before top center, no fuel is visible. Vaporization
is now apparently quite complete. At 14° before top
center the flame first appeam and by the next frame
the flame has spread to most of the chamber. In this
case, with the increased time interval for the mixing of
the fuel and air, the mixture that has been formed by
the time the combustion starts is such that the flame
spreads throughout the chamber with extreme rapidity
and the burning is extremely rapid.

In a discu.wion of the flame photographs as .a whole
the question may be asked: Does the combustion
itself produce turbulence in the burning gases? The
projection of the motion pictures shows various types
of movement within the flame. These movements
have been discussed in the descriptions of the photo-
graphs rmd may be divided into two classes-those
in which the flame moves as a single unit and those
in which there is an apparent churning within the
flame. Any apparent movement of flame may be
caused by either of two actions. The gases may be
stationary and the flame spreading through these gas=,
or the gases” may be incandescent and actually in
motion. Probably both of these phenomena occur to
a certain extent. The burning raises the temperature
of the gases in that portion of the chamber in which it
is taking place and, as a result, raises their pressure. .
The increase in pressure causes an expansion of the
gases and therefore a movement of the gases in front
of the flame. In this case the rate of movement would
be controlled by the force exerted by the increased
pressure and by the inertia of the gases to be set in
motion. Unless there is a visible body the movement
of which can be observed, any conclusion as to the type
of movement taking place must be a matter of conjec-
ture. In certain of the films there are isolated spots of
flame during the afterburning that do not appear to
move with the rapidity of the flame as a whole. TIIis
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phenomenon would indicrLiw that the motion of the
flame is not that of moving gases. The point must
not be lost sight of, however, that these spots of incan-
descence may be solid carbon, in which case their own
inertia would cause them to move at a slow rate. Of
course, the general downward movement of the flame
in the afterburning period is certainly a mass move-
ment of the gases caused by their expansion into the
displacement volume. It is probable that the apparent
eddies in the flame are also gas movements. It is the
opinion of the authors that in the period of initial
burning the apparent movement is that of the flame
and not the gasea except as the gases are compressed
nhead of the flame; particularly does this statement
ripply to the violent rotations that occur with the rapid
mtes of burning. (See also reference 12.)

may not be cf importance. It is quite possible that
some of the gases were incandescent but they were
not at the time in the visible portion of the chamber;
this condition does not seem likely from the general
appearance of the start of flame as registered on the
photographic film. The appearance of flame is an
indication of the energy state of the molecuk of the
gas and not necessarily of any chemical reactions that
may be taking place in the gas. In other words, any
chemical reactioh mayor may not be completed during
the time the flame is still filling the chamber. 13xami-
nation of the cases under consideration shows that the
pressure of combustion first increased slowly during the
nonluminous period followed by a more rapid increase
during the luminous period. All the gases will need
to be photographed during the whole period between

8 lb s

Cramk6hafi degrees &C.

FlOUBEl&—Hlgh+P@ motion pktures ahowfngthe fnel spray and the tlame formation nndor nondetonating@ndItlom?. Engine SF@, 570 r. p. m.;
Ongb@mket tmnwaturei l@ F.; fnel qnantfty, O.WQZ$lb.; mmpmmfonratio, 13.%La. a. W. A, tie s@t.

Comparison of the flame photographs with the indi-
ca tor cards taken either simultaneously or under
similar conditions shows that the mtium rate of
pressure rise occurs with the mtium rate of flame
spread and not with the maximum amount of flame.
Whether or not this latter period is the final formation
of water and caxbon dioxide as has been suggested by
filrwvin, Crddwell, and Steele (reference 13) for the
spark-ignition engine, cannot be said.

A comparison of the indicator cards at the early
injection starts, notably 80° injection advance angle at
570 r. p. m. and 150° l?. jacket temperature, shows that
there was hed input to the system because of combus-
tion before flame was photographed in the visible por-
tion of the combustion chamber. This fact may or

injection and the end of combustion before definite
conclusions can be drawn as to whether or not the
initial period of burning is accompanied by luminosity.

The tests presented in the present report and in
reference 3 indicate that the general problem of com-
bustion in the compression-ignition engine and in the
spark-ignition engine have much in common and that
data directly applicable to the compression-ignition
engine can be obtnined by the use of spark ignition.
Consequently, it is possible to conduct tests in a con-
stant-volume bomb with spark ignition and so separate
some of the combined effects of temperature, pressure
or density, and time. Such tests are being conducted
at this laboratory and may lead to some explanation
of the various effects already presented.
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CONCLUSIONS

The following conclusions are presented:
1. The ignition lag in an engine with rLquiescent

combustion chamber should be decreased to that value
required to prevent objectionable rates of pressure
rise. The ignition lag should not be decreased to less
than this value because by so doing the effectiveness
of the combustion is decreased.

2. With a short ignition lag in a quiescent combus-
tion chamber the burning starts in the spray envelope
and from there spreads throughout the combustion
chamber. With a long ignition lag the burning may
start at any point in the chamber. In either case the
burning may start at one point or simultaneously at
several points

3. The course of the combustion (aside tiom the
original chemical properties of the fuel) is affected by:

a. The time interval between the start of injection
and the start of combustion.

b. The temperature and pressures existing in the
combustion chamber during this time intervrd.

c. The temperature and pressure of the air and the
distribution of the fuel at the start of combustion.

4. In case the ignition lag is too long it may be
decreased considerably by increasing the temperature
of the engine coolant.

5. If the ignition lag is short, increasing the tem-
perature of the engine coolant decreasea the &nition
lag sufficiently to decrease the rate of pressure rise
but m~y in some c.w.es decrease the effective combus-
tion of the engine.

LANGLEY M E~ORIAL AERONAUTICALLABORATORY,
NATIONALADVISORYCOMMI~E FORAERONAUTICS,

LANGLEY FIELD, VA., January 15, 19$5.
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